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Summary  The  present  study  aims  at  development  of  light  weight,  high  strength  Mg—2%Zn/Al
and Mg—2%Zn/anodized  Al  based  multilayered  composite  by  the  accumulative  roll  bonding  (ARB)
process. The  ultraﬁne  grained  multilayer  composite  was  successfully  roll  bonded  by  using  binary
Mg—2%Zn alloy,  pure  aluminium  and  anodized  aluminium  at  300 ◦C  with  50%  reduction  up  to  5
passes. Multilayered  composites  are  characterized  with  respect  to  microstructure,  mechanicalMultilayered
composites;
Anodization
properties.  Density  of  the  ARB  processed  Mg—Zn/Al  multilayered  composites  have  been  found
to be  21%  reduction  of  weight  as  compare  to  pure  Al.  The  composite  with  anodized  Al  showed
better tensile  strength  and  microhardness  as  compare  to  Mg—Zn/Al  multilayered  composites.
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agnesium  alloys  are  treated  as  the  green  engineering
aterials  and  are  prime  materials  for  the  light-weight
 This article belongs to the special issue on Engineering and Mate-
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utomobiles  due  to  the  low  density,  high  speciﬁc  strength,
nd  excellent  damping  capacity  (Luo,  2003).  Among  the  var-
ous  Mg  alloys,  the  Mg—Zn  alloy  is  the  most  widely  used  one
ue  to  its  good  machinability,  great  potential  for  increased
trength  (Zhang  et  al.,  2010,  2011).  Grain  reﬁnement  is  the
ovel  technique  to  enhance  the  strength  of  polycrystalline
aterials  can  be  predicted  using  Hall—Petch  relationship
Hall,  1951;  Petch,  1953).  In  that  aspects  severe  plas-
ic  deformation  (SPD)  is  considered  as  an  efﬁcient  way
o  reﬁne  the  grain  of  metallic  materials  (Saito  et  al.,
icle under the CC BY-NC-ND license (http://creativecommons.org/
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shows  that  the  presence  of  good  bonding  between  Mg—2%Zn
alloy  and  pure  Al.  A  slight  waviness  layer  structure  was
observed  due  to  high  deformation  on  increasing  the  ARB
passes  (Fig.  1).Figure  1  Scanning  electron  micrographs  of  (a)  rolled  Mg—2%Z
ARB (c)  Mg—Zn/Al  multilayered  composite  after  5  pass  of  ARB.
1999).  Severe  plastic  deformation  (SPD)  has  emerged  as  a
promising  method  to  produce  ultra  ﬁned  grained  material
with  good  mechanical  properties.  These  techniques  include
equal  channel  angular  pressing  (ECAP),  high  pressure  torsion
(HPT),  accumulative  roll  bonding  (ARB)  multi  axial  forging
(MAF)  and  repetitive  corrugation  and  straightening  (RCS).
Among  all  the  techniques  of  SPD,  the  accumulative  roll
bonding  (ARB)  is  one  of  the  very  effective  severe  plas-
tic  deformation  processes  which  can  produce  bulk  ultraﬁne
grained  metallic  materials  in  the  form  of  sheet  without  any
geometrical  changing  in  the  material  (Chang  et  al.,  2012).
Moreover,  it  can  be  performed  in  conventional  rolling  mill
without  any  special  equipment  and  hence  it  has  more  poten-
tial  for  commercialization.
The  present  work  aims  to  prepare  an  accumulative  roll
bonded  Mg—2%Zn/Al  Mg—Zn/anodized  Al  multilayered  com-
posites  and  comparative  analysis  on  the  microstructure  and
mechanical  properties.
Experimental work
Materials  and  methods
The  casting  of  Mg—2%Zn  binary  alloy  was  prepared  using
liquid  metallurgy  process.  Cast  Mg—2%Zn  binary  alloy  were
homogenized  at  about  400 ◦C  for  24  h  in  the  tubular  furnace.
Further,  the  Mg—2Zn  alloy  slab  was  hot  rolled  at  300 ◦C  to  a
thickness  of  1  mm  at  a  reduction  of  0.2  mm/pass.  The  cast
pure  aluminium  billet  has  undergone  similar  stages  to  get
the  ﬁnal  dimension  of  1  mm  sheet.  Cleaning  of  the  pure  Al
was  carried  out  before  anodization  treatment  using  NaOH
solution  and  followed  by  immersion  in  HNO3 solution  and
washed  by  deionized  water.  The  anodizing  treatment  was
done  in  electrolyte  bath  containing  15  wt.%  H2SO4 solution,
the  operating  potential  of  16  V  for  60  min  at  18 ◦C  with  forced
circulation  in  order  to  obtain  uniform  aluminium  oxide  ﬁlm
(Toroghinejad,  2014).  Mg—2%Zn  binary  alloy  was  accumula-
tive  roll  bonded  with  pure  Al  as  well  as  anodized  Al  up  to
ﬁve  passes  in  a  laboratory  rolling  mill  of  diameter  110  mm,
50%  reduction  per  pass  without  any  lubrication  with  inter-
mediate  heating  at  300 ◦C  for  10  min.Metallographically  polished  samples  were  etched  with
acetic-picral  solution  and  then  dried.  The  microstructures
of  the  specimens  were  examined  using  scanning  electron
microscopes  (SEM)  and  X-ray  diffraction  (XRD)  was  used  to
F
b
pary  alloy  (b)  Mg—Zn/Al  multilayered  composite  after  3  pass  of
dentify  the  different  phases  of  the  multilayered  compos-
tes.  The  density  test  was  carried  out  according  to  ASTM
135-2003.  Initially  the  weight  of  the  samples  was  measured
n  the  presence  of  air  and  also  under  water  using  physi-
al  weighing  balance.  The  following  equitation  was  used  to
alculate  the  density  of  the  samples.
ensity  = Mass  in  air
Mass  in  air −  Mass  in  water (1)
Microhardness  of  the  ARB  multilayered  composites  was
easured  in  a  Vickers  microhardness  tester.  Roll  bonded
ultilayered  composites  were  subjected  to  tensile  testing
n  Tinius  Olsen  Tensometer.
esults and discussion
EM  micrographs  of  the  accumulative  roll  bonded
g—2%Zn/Al  multilayered  sample  reveals  the  layer  of
g  and  Al  and  its  layer  thickness  around  30—35  m.  The
verage  grain  size  of  700  nm  was  observed  after  ﬁve
assed  multilayered  composites.  There  are  no  cracks  or
e-lamination  along  the  interfaces  of  the  multilayers  andigure  2  X-ray  diffraction  patterns  of  the  accumulative  roll
onded  Mg—2%Zn/Al  and  Mg—2%Zn/anodized  Al  multilayer  com-
osites.
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Sigure  3  (a)  Variation  of  microhardness.  (b)  Variation  of  ten
rocessed Mg—2%Zn/Al  and  Mg—2%Zn/anodized  Al  composites  f
The  XRD  pattern  (shown  in  Fig.  2)  of  multilayered  com-
osites  with  pure  Al  and  anodized  Al  shows  the  peaks
ndexed  to  Al,    Mg,  Al17Mg12 and  AlMg4 Zn11.  The  presence
f  Al2O3 peaks  has  been  observed  in  Mg—2%Zn/anodized
l  composites.  As  the  ARB  proceeds  and  the  layer  thick-
ess  decreases  and  number  of  interfaces  per  unit  volume
s  increases.  The  formation  of  intermetallic  phases  reported
fter  ARB  process  may  be  attributed  to  the  intense  straining
uring  ARB  that  causes  the  increase  in  grain  boundaries  and
islocation  density  (Xin  et  al.,  2015).
Table  1  shows  the  density  of  the  pure  Al,  Mg—Zn  alloy
nd  multilayered  composites.  The  density  of  ARB  processed
ultilayered  composites  reduced  about  21%  weight  as  com-
ared  to  pure  Al.  The  drastic  increase  of  microhardness
shown  in  Fig.  3a)  as  compared  to  rolled  Mg—2%Zn  increased
bout  49.7%  and  about  57.4%  for  pure  Al  and  anodized  Al
ultilayered  composites  respectively.  The  large  improve-
ent  in  the  microhardness  values  during  ARB  passes  could
e  because  of  strain  hardening  as  a  result  subgrains  are
bserved  in  multilayered  composites.  Mg—2%Zn/anodized
l  multilayered  composites  exhibits  higher  VHN  as  com-
ared  to  Mg—2%Zn/Al  due  to  hard  aluminium  oxide  layer
Al2O3)  present  in  the  anodized  Al  multilayered  composites.
ltimate  tensile  strength  (UTS)  of  the  ARB  multilay-
red  composites  increased  with  increasing  the  number  of
asses.  It  was  about  40.9%  and  49.3%  increase  of  UTS  val-
es  Mg—2%Zn/Al  and  Mg—2%Zn/anodized  Al  as  compared
o  Mg—2%Zn  because  of  strain  hardening  process  during
RB  process  which  increases  misorientation  of  the  grain
oundaries  that  is  help  to  increase  the  UTS  of  the  multi-
ayered  composites.  The  percentage  of  elongation  reduces
s  the  numbers  of  ARB  passes  increases  and  are  shown  in
ig.  3b.
Table  1  Density  of  alloys  and  multilayered  composites.
Materials  Density  (g/cm3)
Pure  Al 2.691
Mg—2%Zn 1.759
Mg—2%Zn/Al  2.122
Mg—2%Zn/Alanod 2.231
T
X
Z
Zproperties  with  cumulative  strain  of  rolled  Mg—2%Zn  and  ARB
fferent  number  of  passes.
onclusions
.  The  Mg—Zn/Al  multilayered  composites  were  processed
by  ARB  at  300 ◦C  up  to  ﬁve  passes  successfully  and  the
average  grain  size  have  been  found  to  be  700  nm.  The  for-
mation  of  Al17Mg12,  AlMg4Zn11 formed  at  the  Mg—2%Zn/Al
interfaces  due  to  intense  straining  during  ARB  that  causes
the  increase  in  grain  boundaries  and  dislocation  density.
.  The  density  of  ARB  processed  Mg—Zn/Al  multilayered
composites  reduced  about  21%  weight  over  pure  Al.
.  The  ultimate  tensile  strength  and  microhardness  values
of  the  Mg—Zn/Al  multilayered  composites  increased  lin-
early  with  increasing  ARB  passes.  While  the  elongation
decreased  with  increasing  ARB  passes.  The  results  of  the
UTS  and  VHN  values  can  be  ranked  as  Mg—2%Zn/anodized
Al  >  Mg—2%Zn/Al  >  Mg—2%Zn  respectively.
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